Abstract-The high temperature stability of AlGaN/GaN and lattice-matched InAlN/GaN heterostructure FETs has been evaluated by a stepped temperature test routine under large-signal operation. While AlGaN/GaN high-electron mobility transistors (HEMTs) have failed in an operating temperature range of 500
form stable oxides, for example, gallium oxide (Ga 2 O 3 ) which is being used in high temperature sensing up to 800
• C [3] , [4] . AlGaN/GaN heterojunctions used in HEMT design are highly strained, and stress may therefore also influence the chemical/thermal stability of the films and interfaces, particularly in the presence of high temperatures and high electrical fields.
HEMT structures designed with this heterojunction commonly do not contain extrinsic doping. The countercharge to the channel charge is therefore a polarization-induced surface donor and may be located in surface traps. If this donor charge is not stable across the entire parameter field of operation, it may cause drift, current compression, or radio frequency (RF) power slump. Passivation and the properties of the dielectric/ semiconductor interface, which may be considered an amorphous/crystalline heterojunction, are therefore rather critical. High lateral electrical fields may lead to lateral charge injection, compensating the surface donor in the gate/drain high field drift region and giving rise to the virtual gate effect [5] , [6] . Furthermore, the growth of the GaN buffer layer commences usually on a highly disordered nucleation layer on substrates reaching from silicon carbide (SiC) and sapphire to (111) oriented silicon (Si).
The failure and reliability analysis of AlGaN/GaN HEMTs has therefore identified a large number of elements in the structure, which could cause degradation and failure [8] [9] [10] . A rather comprehensive overview can be found in [11] . Several studies have centered on the electrical degradation induced by the heterojunction and buffer layer properties on the one hand and surface-and gate-contact-related effects on the other hand [6] , [8] , [12] [13] [14] . Usually, activation energies are extracted from the operation at an elevated temperature. These have been rather low in the beginning (0.38 eV [15] ) and mostly related to the high material dislocation and defect density. However, the material quality has been improved essentially and steadily, and recent experiments have indicated activation energies of up to around 3 eV [16] , [17] , indicating extremely long lifetimes under normal operating conditions and making the extraction of an activation energy already difficult.
However, during the past years, also the lattice-matched InAlN/GaN (indium aluminum nitride/gallium nitride) heterojunction has been used in HEMT design, the main motivation being a high 2DEG channel sheet charge density of 2.8 × 10
13 cm −2 and the absence of mechanical stress in the heterojunction [18] . The first initial experiments have also already indicated that this heterostructure and its surface are thermally, chemically, and electrically highly stable as could be demonstrated by short time operation at 1000 • C in vacuum [19] . The first analysis of degradation mechanisms has also already been reported [20] .
The initial high temperature tests of InAlN/GaN HEMTs may indicate that the heterostructure material itself may not dominate reliability, robustness, or failure and may not limit the high temperature performance at present but that this is limited by the contact and passivation schemes used. Therefore, a temperature stepping test routine and setup has been developed to identify failure mechanisms within a reasonable time of testing. With this routine, AlGaN/GaN as well as InAlN/GaN HEMTs had been tested at 1 MHz under large-signal conditions at temperatures of up to failure.
II. PROPERTIES OF MATERIAL AND TECHNOLOGY
The robustness of an HEMT component may be dominated by the stability of its individual building blocks. The electrical, chemical, and thermal stability of these building blocks is usually analyzed separately before and during integration into a complete fabrication routine resulting, in cases, in rather standard material configurations, surface treatments, and processing sequences. They will be discussed shortly hereinafter.
A. Buffer Layer
GaN heterostructures for high-power electronic applications are usually grown with a gallium-face (Ga) orientation on SiC via an aluminum nitride (AlN) nucleation layer. It contains usually a high defect density and is partially compensated to obtain semi-insulating characteristics. The Debye temperature of GaN is around 750
• C, and no change in the bond strength is expected below this temperature [21] . In atmosphere, it can decompose into metallic Ga and nitrogen (N 2 ) above 650
• C [22] , although mostly grown at 1000
• C by metal organic vapor phase epitaxy (MOCVD), when ammonia gas (NH 3 ) is used as a nitrogen precursor. Exposed to an atmosphere with a high H-radical density such as an H-plasma, a reduction is already observed above approximately 500
• C [23] . In oxygen, Ga 2 O 3 will form widely, passivating the surface [24] . The thermal and chemical stability of the GaN buffer layer surface outside the active device mesa, usually by silicon nitride (Si 3 N 4 ), will therefore strongly depend on its passivation properties. Changes in stoichiometry and loss of nitrogen will lead to residual conduction and irreversible degradation.
B. Ohmic Contacts
Ohmic contact metallization schemes have been intensively investigated during the 1990s, and a stack of titanium/ aluminum/nickel (Ti/Al/Ni) covered with gold (Au) has emerged as the most used layer system, usually annealed at temperatures between 800
• C and 900
• C [25] . Many phases are formed between Ti and Al on the one hand and Al and Ni on the other hand in a temperature range above 900
• C, and the deposition in the layers will result in mixing and the formation of individual grains, initiated by the melting of Al at 680
• C. • C in nitrogen. Intermixing is observed and also the accumulation of Au at the interface and at the contact edges. Nitride alloys like titanium nitride (TiN) formed at the interface are thought to generate the ohmic contact behavior [26] . However, in the case of InAlN, despite the intermixing, the alloys do not penetrate the barrier layer, as may be seen from Fig. 2 . Here, no spike alloying or roughening of the interface is seen, indicating also that the alloy front will not penetrate to the heterointerface, and the polarization discontinuity generating the 2DEG channel will not be touched.
The contact resistance will therefore be formed by the metal/InAlN interface resistance and the series resistance reaching from the 2DEG channel across the InAlN barrier. Thus, the planar contact resistance displays a strong dependence on the barrier layer thickness, as shown in Fig. 3 . The linear relationship indicates a negligible metal interface resistance by tunneling. Thus, for a low planar contact resistance, a thin doped barrier is beneficial. However, the barrier layer is also part of the Schottky gate input, and a compromise needs to be found to limit the gate leakage and breakdown.
Thinner Al films in the stack will lead to phases of higher thermal stability, and higher annealing temperatures are needed to form low resistive contacts. Such a contact with the reduced Al-layer content and the substitution of the Au overlay by copper (Cu) (15-nm Ti/100-nm Al/40-nm Ni/100-nm Cu) annealed for 30 s at 900
• C have been operated up to 1000
• C in vacuum without a major change in the contact resistance, as seen with Fig. 4 . The high temperature measurements have been taken with tungsten carbide (WC) needles, and the fluctuations in value may be due to measurement uncertainties. These uncertainties are caused by mechanical fluctuations in the chamber at high temperature. Moreover, the increase in the sheet resistance with temperature (see Fig. 4 , right) was dominating at temperatures higher than 500
• C, which made the extrapolation of the contact resistance value from the TLM measurements marginal. Thus, it seems that these contacts can be operated up to their annealing temperature after stable phases are formed during the annealing process.
C. Schottky Contacts
The Schottky contact is one of the main sources of failure in FET devices. A number of metals have been investigated for AlGaN/GaN and InAlN/GaN HEMT structures, such as Ni, platinum (Pt), molybdenum (Mo), Cu, and iridium (Ir) [28] [29] [30] [31] with Ni being the most commonly used contact metal. Usually, Au is used as a conductive overlay. On AlGaN, the thermal stability has frequently been investigated up to approximately 350
• C [8] , [10] , [16] . However, early experiments had also already indicated that the failure of the devices could be due to the degradation of the heterostructure rather than the gate diode [32] . The high stability of gate contacts is also confirmed by the use of Pt-AlGaN/GaN diodes in high temperature gas sensors of up to 800
• C in hydrogen/nitrogen (H 2 /N 2 ) atmospheres [33] . In this paper, the temperature limit is thought to be reached by the alloy formation between the Pt Schottky metal and AlGaN semiconductor material, particularly Ga. In this paper, Ni contacts have been used.
InAlN/GaN HEMT structures were found to be stable at annealing temperatures of up to 1000
• C even with a 3-nm lattice-matched barrier tested under identical conditions as the one applied to the AlGaN/GaN HEMTs previously described, where the gate contact becomes ohmic [33] .
It is particularly worth mentioning that the ohmic contact properties have not changed essentially, indicating no spike alloying even through the 3-nm barrier layer. Due to the thin barrier, the device operated in the semienhancement mode with a pinchoff voltage of −1.0 V, which remained also unchanged. Thus, also the interfacial polarization discontinuity had been preserved.
In the literature, many reports can be found indicating the degradation of Schottky diodes on AlGaN or InAlN well below the temperature range applied in this paper [10] , and indeed, alloying may be expected, particularly with Ga-and indium (In)-forming grains with ohmic behavior, by tunnelling. Thus, stabilizing the barrier layer conditions is essential. This may also be indicated by a recent experiment reporting on AlGaN/ GaN MISFET technology, where the gate metal had been deposited prior to the ohmic contact formation (and alloying at 850
• C) [35] .
D. Passivation
The technical surface, being in contact with the atmosphere, will be oxygen terminated or will form a thin oxide film. Stoichiometric oxides are Ga 2 O 3 , aluminum oxide (Al 2 O 3 ), and indium oxide (In 2 O 3 ), the chemical activity of their surface being mainly generated by hydroxyl (OH) groups. The In oxide is the most unstable among the three and can be reduced to indium in H-plasmas or etched in wet solutions [36] . Ga oxide is considerably more stable and used in gas sensing up to 800
• C, as mentioned earlier. However, polycrystalline Ga 2 O 3 in reducing atmosphere will become instable above 700
• C [37] . The most stable oxide is Al 2 O 3 with a melting temperature of more than 2000
• C but can nevertheless be slowly etched in hot HCl [38] or in high density H-plasmas.
On AlGaN, the native oxide formed is only a few monolayers thin and a mixture of Al and Ga oxides [38] . In HEMT devices, it has also been used to stabilize the gate diode [39] . However, it has exhibited only limited stability under accelerated lifetime tests. The interface and bulk of the passivation materials are usually the location of the surface donor in AlGaN/GaN HEMTs [4] , [5] . This surface donor is the state of the counter charge of the polarization discontinuity at the GaN interface, forming up to 40% of the 2DEG channel charge density, depending on the Al content of the barrier layer. A lateral charge injection into these states from the gate contact edge forms the virtual gate effect, which is the most severe instability in these devices [40] . It has therefore been the focus of a number of degradation studies [41] . Native oxides are thus usually removed from the surface by wet chemical cleaning prior to the deposition of a Si 3 N 4 passivation layer in an H-rich plasma [42] . Other passivation materials are manganese oxide (MgO) [43] , SiO 2 [44] , and Al 2 O 3 [45] . In most cases, the passivation layer is applied after the device is fully processed and after all contacts (including the gate contact) are deposited. The critical spot is therefore the gate metal edge on the strained AlGaN barrier layer toward the drain.
On InAlN, the weakly bonded In-oxide needs to be removed by chemical treatments, leaving an Al-rich oxide coverage. This surface can be further oxidized thermally to form a stable oxide . Large-signal 4-GHz power performance of InAlN/GaN MISHEMT structure, including hard input overdrive conditions. Device data: t InAlN = 10 nm, T oxide = 1.5 nm, L G = 0.25 µm, and W G = 2 * 50 µm. In part after [48] .
with a thickness of a few nanometers. Grown at 800
• C in O 2 for 4 min, the oxide is highly ordered and is approximately 1.5 nm thick (see Fig. 5 ).
The growth mechanism can be described by a diffusionlimited process [46] , [47] . The growth rate will therefore slow down with growth time. Such native oxide films have been used in two cases: first, as an interfacial layer for passivation by PCVD Si 3 N 4 and, second, as an oxide barrier in MISHEMT structures. In the MISHEMT structure, this gate contact may also be considered a dielectric-assisted Schottky contact, reducing the reverse gate leakage current by approximately four orders of magnitude [46] . The PCVD Si 3 N 4 -passivated MISHEMT configuration (with a self-aligned oxide gate recess [48] ) has lead to a high input overdrive tolerance, drain-lag-free pulse performance, a full RF current drive above 2 A/mm (at 4 GHz), and a saturated output power density of 11.6 W/mm at a drain bias of 20 V. Fig. 6 (left) shows the output load line for various input power levels of up to saturation at a fixed load impedance superimposed on the cold point pulsed dc characteristics. This nearideal performance is attributed to the absence of mechanical stress in the heterostructure and the high structural quality of the native oxide.
III. TEMPERATURE CYCLING MEASUREMENTS
The thermal oxidation properties and high contact annealing temperatures require indeed high thermal stability of the latticematched InAlN/GaN HEMT material system. In the case of AlGaN/GaN, the mechanical stress is thought to be one of the main causes for failure at RF under a high drain bias [49] .
To test the high temperature limit of the InAlN/GaN system, a temperature stepping experiment has been designed, where the temperature has been ramped up in steps of 100
• C un- til failure (with a starting temperature chosen between room temperature (RT) and 500
• C). The time intervals had been chosen to 250 h at each temperature to obtain a final result within a reasonable testing time. In view of earlier experiments, the focus was on temperatures above 500
• C. The operating temperatures have been measured by thermocouples and calibrated by the melting point of specific metals. Nevertheless, temperature differences of up to 30
• C are estimated, caused by the WC needle probes (causing either a better thermal contact to the substrate by their pressure setting on the one hand or thermal losses due to their thermal conductivity on the other hand). Since, for a temperature range above 500
• C, no bonding and packaging technologies had been available, the devices had been tested individually on a chip with WC needles in vacuum and operated under 1-MHz large-signal conditions with the input driven between zero gate bias and pinchoff, as sketched in Fig. 7 . The wave form of the output signal was recorded every 60 s, and the mean current (I DS mean ) is calculated. In general, I DS mean is less than half of the I DS(VGS=0 V) peak output current, with its ratio to the maximum open channel current being, in addition, determined by the pinchoff voltage.
A. Cycling of AlGaN/GaN HEMTs
The AlGaN/GaN HEMT devices investigated in this paper have been supplied by Alcatel-Thales III-V Lab. Their structural and technological data can be summarized as follows. The heterostructure had been grown by MOCVD on a SiC substrate with a 1-nm AlN interfacial smoothing layer and an AlGaN barrier layer with 24% Al and a 22-nm thickness. Device isolation was achieved by helium (He) ion implantation. The source and drain contacts have been standard Ti/Al/Ni/Au contacts annealed at 900
• C, and the gate contact metal was Mo/Au. The gate length (L g ) was 0.25 µm. The devices were passivated by a low stress PCVD SiO 2 /Si 3 N 4 stack. The devices contained two parallel fingers in a Π arrangement (W total = 200 µm). The two sources were connected by a BCB bridge. Fig. 8 illustrates the last temperature cycle before the failure at 500
• C. The testing had commenced at 300 • C. Thus, prior to this cycle, the device had already been stressed for 250 h at 300
• C and 250 h at 400
• C without noticeable changes. The peak drain current at RT I D(VG=0 V) had been 1.4 A/mm, reduced to approximately 0.65 A/mm at 500
• C. The device failed after 219 h due to gate shortage, as illustrated by the insert. This monitor measurement (see Fig. 8 , right) could be taken shortly before the failure occurred. The raise in the mean output current during the last cycle could be associated with the increasing gate leakage.
Although the test is individual and does not allow any statistical interpretation, it had been a typical temperature regime of failure for these AlGaN/GaN devices, the failure being mostly gate diode breakdown related.
B. Cycling of InAlN/GaN HEMTs
The InAlN/GaN devices had been experimental device structures, usually processed on 1/4 of the 2-in diameter wafers. Heterostructures and buffer layers were grown by MOCVD on SiC substrates, the heterostructure containing a 1-nm AlN smoothing layer and a 7 to 10-nm-thick lattice-matched barrier. Device isolation has been obtained by dry etching (see Fig. 9 , left). The contact technology was first based on the one used in AlGaN/GaN HEMTs and refined in a second-generation technology.
1) Devices Based on Conventional Metallization Systems:
In the first generation of technology, the ohmic contacts were based on a layer stack usually employed in AlGaN/GaN HEMTs comprising of Ti/Al/Ni/Au (10 nm/200 nm/40 nm/ 100 nm) annealed at 850
• C for 2 min in N 2 . The gate metallization has been Ni/Au (50 nm/100 nm). The final passivation had been by PCVD Si 3 N 4 . Testing these device structures, usually, no change could be detected up to 500
• C, as may be seen from Fig. 9 (right), and no failure information could be extracted. Thus, usually, tests on InAlN/GaN devices have commenced directly at 500
• C. However, at such high temperatures, jitter from needle displacement is often observed, strongly influenced by traffic in the laboratory. The devices failed typically during the 700
• C cycle or at the beginning of the 800
• C cycle. In this temperature range, the output current (at V G = 0 V) is typically reduced to 0.5 A/mm due to the decrease of the channel mobility (see discussion on ohmic contact behavior). Fig. 10 shows the data of a device failing after 23 h at 700 • C. Again, the failure is sudden. The slight decrease in current at each temperature is thought to be related to the thermal transient of the furnace after temperature ramping.
Up to breakdown, no degradation of the pinchoff voltage is observed (see Fig. 11, right and left) . Several effects may contribute to a change in the pinchoff voltage with temperature: 1) change of N S caused by a change in polarization; 2) change of the Schottky barrier height; and 3) temperature-activated buffer layer leakage. The test indicates that the polarization discontinuity is not degraded and that no gate metal sinking has taken place even under the large-signal RF operation. In this case, the slight increase in the value of the pinchoff voltage (V P ) at 700
• C is related to a slight increase in the buffer layer leakage. Fig. 12 shows the topography of the failed device. The failure mode is the breakup of the contact metallization, which seems only possible when liquid phases are formed. Damage seems to concentrate on the source ohmic contact region. It is however also seen that no metal ballup is observed in the unbiased part of the device. Thus, strong field-induced electromigration seems to be the triggering mechanism. On similar devices stored under identical conditions and thus simulating the unbiased case of temperature stressing, TEM cross sections have been taken. The ohmic contact areas reveal metallic intermixing as already seen after the ohmic contact annealing. However, the intermixing is also observed in the case of the Ni/Au gate metallization, as shown in Fig. 13 . Au has moved and replaced Ni from the InAlN barrier layer surface, surprisingly not causing a gate diode breakdown, again indicating the high chemical stability of the barrier layer. On the other hand, in the identical planar structure, also the ohmic source drain contact behavior is generated by different metals and a distinctly different surface treatment. Nevertheless, in this configuration, Au is already highly mobile in the 700
• C range and is the prime failure source. The temperature stability limit of the heterostructure is not reached.
2) Devices With Refined Metallization Concept: For the second-generation devices, a metallization concept replacing Au as the conductive overlay metal by Cu has been developed. The melting temperatures of both metals are only slightly different (1064
• C versus 1084
• C for Au and Cu, respectively). However, Au is substantially more ductile below melting. In addition, the Al-layer thickness in the ohmic contact stack has been reduced by 50%. This has made a higher ohmic contact annealing temperature of 900
• C necessary. The gate contact metal was changed to Cu only.
Implementing these changes, the maximum temperature of the operation has been pushed up to 50 hrs operation at 900
• C. Fig. 14 shows the 800
• C cycle and 900
• C failure event. The recording is extremely noisy, indicating the difficulty to contact the metal pads reliably at this high temperature.
In Fig. 15 , the output characteristics of the device in question are shown taken at RT before the test and at the end of the 800
• C test cycle, including the biasing condition and load line setting applied. The maximum output current level at RT was 0.32 A/mm (at V G = 0 V in semi-enhancement mode, t InAlN = 7 nm). The reduction of approximately 50% is mainly reflecting the change in the 2DEG channel sheet resistance and, thus, the carrier mobility and not related to a degradation of the contact resistances as previously discussed. As can be seen, some degradation of the output signal level is already noticeable during the 800
• C cycles, which is thought to be mainly caused by residual charge injection into the buffer layer and the residual conduction activated in the buffer layer. Again, no major change in the pinchoff voltage is observed. Thus, also in this case, it seems that the stability limit of the heterostructure itself has not been reached yet.
The topography of the failed device is illustrated in Fig. 16 . Two failure sources can be identified. On the right-hand side rupture of the Si 3 N 4 , the passivation at the mesa edge can be seen; on the left side, the electromigration of the gate metallization is evident, but no major breakup of the metallization like in the case of the Au overlay is observed. The testing temperature (900
• C) is already close to the melting temperature of Cu (1084
• C), and the electromigration is therefore expected to be amplified. Moreover, the unbiased stored devices did not show any kind of degradation when testing at RT after the heating cycle. Therefore, the degradation mechanism is connected to the electromigration.
IV. DISCUSSION AND CONCLUSION
GaN-based heterostructures in their AlGaN/GaN wide bandgap configuration possess high chemical and thermal stability and are therefore thought to be ideal candidates for robust high-power operation and operation at extremely high temperatures. Many technological details have been refined during the past, and the material quality essentially improved. The reliability and time of failure have been improved accordingly. Activation energies of accelerated lifetime tests have reached 3 eV but are still lower than the bandgap energies. Nevertheless, with such activation energies, extremely high lifetimes are expected for RT operation, and even at an elevated temperature, the extrapolation becomes difficult. Furthermore, the degradation and failure mechanisms may change for operation at an elevated temperature, and feedback to RT operation may be inconclusive. All material structures are highly polar and essentially undoped, and many studies have centered around the stability of the polarization-induced channel charge and the related donor counter charge located at the surface or within the passivation layer and, in this paper, particularly the piezopart generated by the mechanical stress of the AlGaN barrier layer. In fact, the mechanical stress is thought to be a main source of degradation under large-signal RF operation at high electrical fields.
An alternative to the common AlGaN/GaN heterostructure is the lattice-matched InAlN/GaN heterostructure, and other degradation and failure mechanisms may dominate. Early experiments with short time curve tracer FET operation of up to 1000
• C in vacuum had already indicated the exceptional thermal stability of the heterojunction. Thus, failure and reliability may be dominated by other elements in the structure than the material itself, still leaving room for improvement by their optimization. To distinguish whether the dominant failure sources are related to the heterostructure material properties or the device fabrication technology adopted from the AlGaN/GaN counterpart, the previously discussed stepped temperature experiment was designed, testing the device up to failure within a reasonable time frame. Changes in the performance were, in general, (after the optimization of the processing routine) only observed for operation above 500
• C (within a 250-h time frame). Since no standard test equipment has been available for RF power operation at such high temperatures, the testing had to be confined to 1-MHz large-signal operation contacted by WC needles. The results may be summarized as follows. 1) Using the standard metallization schemes of AlGaN/GaN for the ohmic and gate contacts for InAlN/GaN HEMTs, the dominant temperature range for failure was between 700
• C and 800
• C. The dominant failure mode had been diffusion, intermixing, and electromigration caused by the Au overlay. The failure has, in general, resulted in the total breakup of the metallization pattern. Such catastrophic damage was not observed for unbiased devices.
2) The redesign of the metallization schemes based on Cu as the conductive overlay has resulted in operation of up to 900 • C. The failure could be associated with Cu electromigration. This is not surprising since this is only approximately 150
• C below its melting point. 3) Cracks in the Si 3 N 4 passivation layer at the mesa edge after 900
• C operation indicated also that an uncontrolled stress had developed between the passivation and the semiconductor surface. 4) Up to the failure, only minor changes in the pinchoff voltage have been observed even for the semienhancement mode of the operation. Thus, the polarization discontinuity between GaN and InAlN has remained stable throughout all tests. The changes could be associated with the buffer layer leakage at high temperatures. No gate sinking effect could be observed. 5) The thermal/chemical stability of the lattice-matched InAlN/GaN material system seems indeed outstanding. The 3-nm-thin barrier layers (with a thickness close to the tunneling limit) had been highly stable throughout the entire range of temperature, acting as barrier layer to the gate metallization as well as the passivation of the free surface. (The InAlN/GaN devices used in Section III contained barrier layers between 7 and 10 nm.)
Certainly, the test routine chosen relies on individual devices and is destructive. Nevertheless, the results have indicated that, even for temperatures above 500
• C and up to 900
• C, the failure is dominated by the device processing technology and not the heterostructure material stability. This picture is not so clear for the strained AlGaN/GaN heterosystem, where the mechanical stress may lead to premature material degradation.
How far the high temperature performance of these FET devices is reflected in their high-power operation under ambient conditions is not clear at present. The mobility of the channel electrons decreases with temperature due to increased phonon scattering, reducing the dc current levels (see, for example, Fig. 15 ) and RF gain at high frequencies. Furthermore, the buffer layer leakage needs to be suppressed also at high temperatures; otherwise, this will seriously impair the RF performance. Assuming that the saturated velocity will be less affected, high dc current levels and RF gain may be maintained by a reduced gate length.
Devices are usually operated with a safe margin from breakdown, induced by high electrical fields, high junction temperatures, and also effects like electrochemical corrosion. In this paper, the temperature is only one criterion. In this paper, the devices had not been operated under forward gate bias conditions and not deeply in the subthreshold regime, and dispersion effects at large-signal high-frequency operation, like the microwave power slump, have not been addressed. Certainly, more elaborate testing routines are needed. Testing in a temperature range above 500
• C represents a new field, and equipment as well as device technologies need optimization and refinement. This paper is thought to stimulate further experiments in this new regime and serve as a feasibility study for ultrahigh temperature applications out of reach for other semiconductor materials presently. 
